We have investigated the electric field-induced microscopic structural changes in polycrystalline pentacene-based organic transistors by using in situ micro-Raman spectroscopy. Extra vibrational modes resulting from molecular coupling effect in pentacene film were studied. The herringbone packing of pentacene molecules in solid film is affected by external field and the process is proven to be partially irreversible. In the meantime, in-phase coupling of the C-H bending mode was found to be highly related to the carrier transport of pentacene film. Obtained results suggest that optimal intermolecular -orbital overlap of pentacene molecules is still a critical factor impacting the carrier transportation for pentacene film featuring polycrystalline morphology.
Recent technology trends draw much attention to organic thin-film transistors ͑OTFTs͒. The performance of OTFTs has improved dramatically lately, and this stands true in particular in regard to conjugated oligoacenes and oligothiophene. 1, 2 These compounds usually have polycrystalline structure with grain morphology. Their crystalline structure is made of stacked layers wherein molecules pack in a herringbone fashion with their long axes parallel to one another. Among them, pentacene is a highly promising material for application in OTFTs due to its great mobility and good semiconducting behavior. 1, 2 Pentacene films with various polymorphism can be fabricated by changing the deposition conditions and its film structure and polymorphism both in bulk and in thin films, which have been an object of experimental and theoretical studies. 3, 4 However, the polymorphism phase in pentacene film exhibits instability that can be observed by a pressure-induced 5 or solvent-induced 6 phase transition. In addition, the OTFTs demonstrate a wide range of electrical instabilities, which affect their reliability and long-term operation capability. 7, 8 Therefore it is important to explore the molecular structural changes during the operating cycle of OTFTs.
Micro-Raman spectroscopy is a high-resolution optical spectroscopy probe of structural and electronic properties of materials. In this letter, we focus on electric field-induced microscopic structural changes in pentacene film as an active layer in OTFTs. In situ micro-Raman spectroscopy reveal important aspects of carrier transportation and device performance at the microscopic level.
The schematic of OTFT geometry and in situ Raman measurements are shown in the inset of Fig. 1 . The device geometry and the sample fabrication used in the experiments have been described previously. [8] [9] [10] Indium-tin-oxide serve as the gate, source, and drain electrodes. A 3000 Å thick silicon oxide ͑SiO 2 ͒ served as the gate dielectric. The pentacene ͑Aldrich Co.͒ films are vapor grown by sublimation with a thickness of 70 nm, and yielded a polycrystalline structure with only a "thin-film phase." 9 The morphology of the pentacene film was verified by x-ray diffraction spectra and an atomic force microscope. [8] [9] [10] The electrical characteristics of OTFTs were measured by a Keithley 4200-SCS semiconductor parameter analyzer. The electrical characteristics of pentacene OTFTs are shown in Fig. 1 .
Raman spectra of pentacene films, produced by lattice phonons, were obtained using a Jobin Yvon LabRam HR spectrometer. A 532 nm solid state laser served as the excitation light source and was kept below 0.6 mW during measurements. The spatial resolution of the beam spot was around 1 m, attained using a 100ϫ objective microscope lens. The spectrometer resolution is 0.4 cm −1 . When the Raman spectra were taken, the laser beam was defocused on the surface of pentacene film to prevent thermal damage of the pentacene thin film. Every Raman spectrum was taken with an average of 20 scans. The polarized Raman spectra measurement and the scattering geometry was selected to be z͑x , x͒z or z͑y , y͒z, where the first symbol stands for the direction of propagation of the incident laser beam; the terms in parentheses specify the polarization of the incident beam and that of the scattered radiation, respectively, while the final symbol represents the direction of propagation of the scattered radiation. The pentacene thin films have a layered structure 4 and a calculated interlayer d 001 spacing of 15.4 Å of thin-film phase, which is slightly lower than the length of the pentacene molecule; thus the molecules are slightly tilted to the substrate plane. The interlayer structure of pentacene film depends on the relative multitude of C-H and C-C interactions. If the C-H interactions dominate, a herringbone structure is generally found. 4 In this analysis, we focus on the C-H in-plane bending of pentacene molecule in the energy range of 1140-1200 cm −1 , which shows that the strongest motions of the atoms are recorded at the end of the molecule. Figure 2͑a͒ shows the Raman spectrum of pentacene OTFTs before operation. The main bands at 1158 and 1178 cm −1 correspond to origin from the C-H in-plane molecular vibration of each pentacene molecule. A Gaussian/ Lorentzian function fitting procedure for finding the best fitting, performed in the range falling between 1140 and 1170 cm −1 , reveals that the feature at ϳ1158 cm −1 ͑denoted as the v 0 band͒ actually consists of three lines centered at 1154.5 ͑denoted as the v 1 band͒, 1158.3, and 1162.7 cm −1 ͑denoted as the v 2 band͒. The fitting results are shown in Table I . The splitting at v 1 ͑Ref. 11͒ and v 2 ͑Ref. 12͒ bands have been explained by the different interaction energy between the two adjacent pentacene molecules in a unit cell at different angular positions, analogous to Davydov splitting. 11 However, the origin of difference between v 1 and v 2 bands remained unclear. Later in this letter we will discuss the possible origins of v 1 and v 2 bands.
Initially, we studied the effects of gate bias ͑V G ͒ ͓Fig. 2͑b͒, V G = −40 V͔ and drain bias ͑V DS ͒ ͓Fig. 2͑c͒, V DS = −40 V͔ on pentacene molecules using in situ Raman spectroscopy. The negative V G and V DS all induced the frequency downshift of the peak center and an increased Raman intensity. As seen in Table I Next, we turn our attention to the in situ Raman spectrum during the device operation in the saturation regime at V G = V DS = −40 V ͓Fig. 2͑d͔͒. We can observe a more pronounced v 1 band ͑by a factor of 1.81͒. The v 1 and v 2 bands show a larger increment in the spectral peak area than do the v 0 bands. In particular, we can see the proof in the band 1178 cm −1 splitting into two modes and shifting to lower frequencies at 1176 and 1177 cm −1 . Such splitting at 1178 cm −1 has been recorded in the presence of polymorph phases in the film 13 as well as a pressure-induced irreversible phase transition in the bulk-phase pentacene. 5 To further realize the coupling effect between the pentacene molecules under the drain field, we have tracked the C-H modes by in situ polarized Raman spectra ͑Fig. 3͒. The Fig. 2 represents the increment compared to a fresh sample. Data measured at a different polarization geometry indicates the spectral area ratio of z͑x , x͒z to z͑y , y͒z geometry. scattering geometries employed were z͑x , x͒z and z͑y , y͒z, where the labels x, y, and z refer to being parallel to sourceto-drain, perpendicular to source-to-drain, and perpendicular to substrate plane directions, respectively. The Gaussian/ Lorentzian fitting results are also shown in Table I . In z͑x , x͒z geometry, all C-H bending modes display a stronger intensity than in z͑y , y͒z geometry. This is especially notable at the v 1 band, with its peak area being about 1.54 times more as compared to the z͑y , y͒z geometry. A larger intensity of the v 1 band implies the presence of a strong interaction between the pentacene molecules along the direction of the drain field ͑see the inset of Fig. 3͒ . Consequently, the v 1 band is attributed to the in-phase coupling between the pentacene molecules. As compared to the v 1 band, a decreased intensity of the v 2 band under the drain field can be interpreted as out-of-phase coupling between the different layers of the pentacene molecules ͑see the inset of Fig. 3͒ . This conclusion is also supported by the monolayer pentacene films, which have not seen the v 2 band, 13 and the insertion of iodine between pentacene layers that is also affecting the band. 12 Our studies demonstrate clear evidence on the structural changes of pentacene in the operating OTFT device. The structural changes in the pentacene were found to be partially irreversible after operations were repeated many times. After multiple operation cycles, we could observe a more pronounced v 1 band and shifts to ϳ1153 cm −1 . Even without application of the electric field, the ϳ1153 cm −1 band remains strong and differs from that observed in a fresh sample. Obviously, the molecular geometry changes of pentacene cannot recover to their initial state.
At the microscopic level, the intermolecular coupling effect ͑optimal -orbital overlap͒ should be maximized to ensure efficient carrier transport. 14 We once again examined the pentacene film, with morphology and orientation different from that found in previous studies, by applying the photoalignment polyimide ͑PAPI͒ method. 9, 15 The results are also shown in Table I . Interestingly, the pentacene shows a stronger v 1 band at polarization z͑x , x͒z geometry as compared to z͑y , y͒z geometry when the pentacene is aligned along the direction of source to drain, with the corresponding fieldeffect mobility of 0.82 and 0.15 cm 2 /V s at z͑x , x͒z and z͑y , y͒z geometry, respectively. Compared to the pentacene film deposited onto the untreated SiO 2 , the mobility was only 0.08 cm 2 / V s and the corresponding spectral area ratio of v 1 band to v 0 band ͑A v 1 / A v 0 ͒ was 0.65. These results provide the basis for understanding and control of the carrier transport efficiency in a polycrystalline pentacene film in the context of microscopic molecular structure.
To summarize, we should reinforce once again that molecular geometry changes of pentacene in an operating OTFT device were studied by applying a gate and drain field combined with in situ Raman spectroscopy. It was found that it is possible to assign extra vibrational modes from the molecular coupling effect of the polycrystalline pentacene solid film by applying the aforementioned field. The in-phase coupling of the C-H bending mode between pentacene molecules within the monolayer was enhanced by a parallel drain-tosource field. The results suggest that the in-phase coupling ͑v 1 mode͒ is highly related to the carrier transport of a pentacene thin film. Based on the research, it is obvious that structural changes should be further investigated in order to understand charge carrier motions in a pentacene thin film.
